The osmotic pressure of the cell sap of stalk storage parenchyma of sugarcane (Saccharum spp. hybrids) increases by an order of magnitude during ontogeny to reach molar concentrations of sucrose at maturity. Stalk parenchyma cells must either experience very high turgor at maturation or have an ability to regulate turgor. We tested this hypothesis by using pressure probe techniques to quantify parameters of cell and tissue water relations of sugarcane storage parenchyma during ontogeny. The largest developmental change was in the volumetric elastic modulus, which increased from 6 bars in immature tissue to 43 bars in mature tissue. Turgor was maintained relatively low during sucrose accumulation by the partitioning of solutes between the cell and wall compartments. Membrane hydraulic conductivity decreased from about 12 x 10-7 centimeters per second per bar down to 4.4 x 10-7 centimeters per second per bar. The 2.7-fold decrease in membrane hydraulic conductivity during tissue maturation was accompanied by a 7.8-fold increase in wall elasticity. Integration of the cell wall and membrane properties appears to be by the opposing effects of turgor on hydraulic conductivity and elastic modulus. The changes in these properties during development of sugarcane stalk tissue may be a way for parenchyma cells to develop a capacity for expansive growth and still serve as a strong sink for storing high concentrations of sucrose.
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Storage parenchyma of sugarcane, beet, and certain fruits, such as grape, accumulate molar concentrations of sugars during maturation (10, 17, 25) . This corresponds to osmotic pressures in excess of 20 bars, yet the few measurements that have been made in such tissues (14, 25) indicate that turgor pressures are in the same range as nonstorage parenchyma with much lower osmotic pressures, i.e. in the range of 2 to 8 bars (7, 11, 16, 17, 23, 24) . Turgor is apparently held low by buildup of solutes in the apoplast. High concentrations of apoplastic solutions have been reported in root (14, 25) , stem (3, 7, 22) , leaf (12) , and seed coat (13) tissues of a variety of plant species. Despite this phenomenon, it is not clear whether turgor is actively controlled in cells of higher plants ( 18, 20) , as it is in some brackish water algae (2, 19) .
In sugarcane (Saccharum spp. hybrids) storage parenchyma, relatively little is known about turgor and its control during sugar accumulation. Here we report the use of the pressure probe to measure turgor and related cell water relations parameters, including the Lp2 and the e of storage parenchyma cells in mature and immature sugarcane stems. This comparison provides basic data on the biophysical parameters that regulate turgor and water flow in this storage tissue, and shows how such parameters change during the maturation of the storage cells and their accumulation of sugar.
MATERIALS AND METHODS

Plant Material
Stem internodal segments were obtained from plants of Saccharum spp. hybrid cv H65-7052 grown in the field under standard commercial practices at Oahu Sugar Company, Ltd., Oahu, HI. Stalks from plants approximately 12 months of age were excised, cut into 1 -m segments, enclosed in a plastic bag, and taken to the field laboratory where they were recut to obtain two experimental segments. The younger segment contained partially to fully expanded internodes numbered 3 to 8 counting down from the node subtending the youngest fully expanded leaf blade. The older segment contained internodes exhibiting near maximum sucrose content (internodes No. [13] [14] [15] [16] [17] [18] . The ends of each segment were dipped in molten paraffin to reduce moisture loss. The segments were then wrapped in a moist paper towel, sealed in a plastic bag, and shipped by air to Pennsylvania State University where experiments commenced within 60 h of harvest. Turgor and osmotic pressures of the 60-h material were similar to those of fresh tissue.
Storage parenchyma tissue was excised from the central portion of internodes held within a humidified chamber or from internodes held on damp paper towels in the open laboratory. Typically, the central 3-to 4-cm length of a given internode was excised, then a sharp razor blade was used to remove the sclerified rind. The remaining core ofparenchyma was split into six or eight pie-shaped wedges as replicate samples. One of the wedges was trimmed to a rectangular block (2 x 0.6 x 0.4 cm) to fit the sample chamber of the pressure probe. All wedges were quickly (2 s) dipped into distilled water, blotted with a moist paper towel to remove broken cell contents, then placed into a chamber lined with wet paper prior to measurements with the pressure probe. There was little or no bending ofthe wedge following removal from the stem, indicating the tissue was under little tension.
Cell Dimensions
Cell dimensions were determined from longitudinal and transverse sections under a stereo microscope. At 3 min, blotting the tissue to remove surface H20, and centrifuging again for 5 min at 400g. After a sequence of five collections were made, the tissue was incubated in aerated distilled H20 for 1 or 2 h, after which the solution was again collected by centrifugation.
To obtain a sample of symplast solution, the previously spun tissue in the filter tube was sealed in a Ziplock plastic bag, frozen, thawed, and then centrifuged for 1O min at 800g. The collected solution was either analyzed immediately or stored at -40C and analyzed within 1 week.
Osmotic pressures were measured by freezing point depression using a nanoliter osmometer (Clifton Technical Physics, Hartford, NY). Sugar composition and concentration was measured by anion exchange chromatography on a AS6 column with pulsed amperometric detection (Dionex Corporation, Sunnyvalle, CA).
RESULTS
Internode Anatomy
The tissue blocks used in these experiments were isolated from the median portion of radially cut pie-shaped wedges and thus contained the larger vascular bundles and larger storage parenchyma cells. The parenchyma cells of the immature internode were nearly the same diameter as those from the mature internode but were approximately one-half the length ofthe mature cells (Table I) . Thus, the parenchyma cell dimensions reflected differences in morphological size of the two internodes. The parenchyma cell volumes and surface areas calculated from length and diameter measurements were in the range of other higher plant parenchyma cells. which was contrasted against between-cell SD (Table II) . 0 100 200 300 400 500
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half-times for this type of measurement were not obtained. As an alternative, the water flow rate in pressure-clamp experiments was estimated from the initial rate (slope, Sv) of water flow (Fig. 2) (23, 24) . The flow rates from pressure-
Cell Wall and Symplast Solutes and Turgor
Turgor of fresh, immature storage parenchyma cells was relatively low (3.0 bars) and was only 60% greater in the Table  IV ). Turgor was apparently lowered by high osmotic pressure in the free space in both young and mature tissues (6.4 and 8.9 bars, respectively, Table IV ). To test whether the freespace solutes served a role in turgor regulation, we measured turgor and rcw after tissue hydration. Turgor of the immature cells was hardly increased by soaking the tissue in water (AP = 0.45 bar) whereas that of mature cells was greatly increased (AP = 8.73 bars). This result suggests that immature cells prevent turgor from rising by effluxing solutes to the wall space, whereas mature cells lack this ability. There was a smaller dilution of free-space osmotic pressure in young tissues than in mature tissues (AgrCw = -2.8 and -5.8 bars) following a 1-h soak in water. In either case, only a small decrease occurred in the symplastic osmotic pressure (Air' = -0.27 and -1.4 bars).
In a further study of xrCw in these tissues, sequential samples of free-space solutions were obtained by vacuum infiltration and centrifugation. The values of 7rCw in the mature tissue declined in an exponential fashion from 7.8 to 1.1 bars (Fig.  5) . A 2-h equilibration period to allow leakage of solutes into the free space increased the rCw only slightly to 1.2 bars. After a series of washings and another 1-h equilibration period, little further leakage of solutes occurred. A similar pattern for Tcw was observed for immature tissues (Fig. 5) . These results show that solute efflux is similar in mature and immature tissue.
Cell wall solutions were analyzed by HPLC, which showed the major sugars present to be primarily sucrose and its monosaccharides glucose and fructose (Table V) . In most samples, the amount of sucrose was approximately an order of magnitude greater than that of either monosaccharide, which were in near-equal molar concentrations and about the same ratio as in the symplast (sample 1 1). In the earlier cell wall samples and in the cell sap, the three sugars constituted 64 to 94% of the measured osmotic pressure; however, in the final cell wall sample (No. 10) the sugars constituted only 15% of the measured osmotic pressure.
DISCUSSION
Our results represent the first direct measurements of turgor, Lp, and E in sugarcane storage parenchyma. We found that the largest change in a water relations parameter during development was in E, which increased from a rather low value of 6 bars in fresh, immature tissue to 43 bars in fresh, mature tissue. This increase was probably due to a combination of structural rigidification of the wall during maturation and increased P in the mature cells (3 bars versus 4.8 bars), which would also tend to raise E via its P dependence (1 1, 17) . The large increase in e upon hydration of the tissue for 1 h in water (Table III) indicates a high turgor-dependence of E, although rapid biochemical stiffening of the wall cannot be ruled out in these experiments. Such stiffening is suggested by the large increase in e when P increased by only a small amount. e of mature parenchyma was in the same range as found in other similar tissues ( 16) , but the immature cells had lower values of E than other immature growing tissues (5 (5, 16, 17, 23, 24) . The difference between endosmotic and exosmotic estimates of Lp has been noted in other tissues (16, 17) . Such hydraulic rectification has often been attributed to "sweep away" effects at unstirred layers at the surface of the membrane and also to the pressure dependence of e (i.e. turgor in endosmotic pressure relaxations will generally be lower than in exosmotic experiments). This latter explanation may well account for the difference in our experiments because pressure-clamp experiments (where turgor change was minimal) on average showed much less difference in Lp than did the pressure-relaxation experiments.
Another hypothesis to account for membrane rectification was recently advanced by Wayne and Tazawa (21) who suggested that water flux across membranes may control membrane channel proteins, which could serve as pathways for water movement. Although we have no direct evidence to support this hypothesis, the variable and sometimes large (more than fourfold) differences between endosmotic and exosmotic flows in the pressure-relaxation measurements (Table III) are indicative of a complex biological, rather than simple physical, process. Also in accord with such a channel Turgor in the storage parenchyma cells was maintained fairly low and nearly constant (3-5 bars) during stalk maturation even though the ir' of the tissue increased significantly from 8.3 to 16.4 bars. The maintenance of P in fresh tissue within the 3-to 5-bar range appeared to be achieved by solute partitioning into the cell wall free space. This possibility is supported by data showing that (a) when the apoplastic solution was diluted by soaking the tissue in water, P increased and (b) directly measured ir of solutions centrifuged from the apoplast was 3 to 5 bars less than the 7r of the symplast.
The free-space solutes were primarily the same sugars (sucrose, glucose, and fructose) stored in the symplast so that their presence could possibly be an artifact of wounding (6) . We deem this unlikely because the quantity in the apoplast was greater than could be expected from cut surfaces and we rinsed the tissue blocks to remove cell debris before experimentation; a significant in situ 7CW is reported by others on intact growing tissue (3) and mature storage tissue of red beet (14) and sugar beet (25) , sugarcane (22) , and Kalanchoe leaves (16) ; and moisture release data (12) and compartmental analyses data (7, 9) support the present finding of a high 7rcw in situ in sugarcane parenchyma tissue. The high rcw could have resulted from either phloem unloading into the apoplast (1, 8, 13, 15) or from turgor-induced leakage from the storage cells (25) , or both. Our measurements of sequentially diluted T.CW samples (Fig. 5) indicate that solute leakage from excised tissue is rather slow and unable to maintain low turgor under unusual conditions. Further work on the origin and possible regulation of xrCw is needed.
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